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Capillary electrophoresis (CE) has been applied to the separation of various analyte ions. [1] [2] [3] [4] [5] [6] Theoretically, the capillary electrophoretic mobility (µep) is calculated by
where q, η and r are the electric charge of the ionized solute, the buffer viscosity and the solute radius, respectively. 7 Therefore, the CE separation of analyte ions is primarily dependent on the ionic charge and the ionic radius, unless there are any other interactions in the analyte ions, such as those with the capillary wall or counterions. When the ionic shape is not spherical, it is difficult to predict µep from Eq. (1) . In addition, the Stokes radius of the ion is necessary in order to determine the r-value. However, the observed µep values of non-spherical ions are expected to provide some information regarding the ionic shapes.
Factors affecting the selectivity of inorganic anions have been reviewed. 8 In addition, a number of methods of predicting µep have been reported. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The molecular weights (MW) have been reported to correspond to the µep values for amides. [9] [10] [11] [12] [13] [14] In addition, for some organic and metal complex ions, the MWs correspond to the µep values. 15 The MW value is thought to depend on the molecular volume; therefore, it could be used as an index of molecular size. However, the separation of a number of aminonaphthalenesulfonate ions having the same molecular weight and electric charge at pH 9.2 has been accomplished. 16 Moreover, empirically good linear relationships between the µep values and MW -2/3 have been reported. [10] [11] [12] [13] [14] The MW 1/3 value indirectly corresponds to the third power of the molecular volume, that is, the r-value, because the MW value generally depends on the molecular volume. Therefore, the MW -2/3 value indirectly corresponds to r -2 . In other words, the r -2 -values show a good linear relationship with the µep values. A correlation between the µep values for the localized electric charge of non-spherical aromatic anions with the MW -2/3 and r -2 -values has yet to be reported. Accordingly, the MW -2/3 and r -2 -values were evaluated as the indexes to determine whether or not they would be a useful means of predicting the µep values of these anions.
A simulation of the µep values with the pH of the buffer has been reported for phenolic acids. 17, 18 In addition, a simulation of the µep values with the pH and the 2-hydroxyisobutyric acid (HIBA) concentration of the buffer has been reported for metal HIBA complex ions. 19 The effects of the µep values on a number of water-soluble organic solvents (such as methanol) for aromatic carboxylates with various functional groups (such as hydroxyl groups) have been reported. [20] [21] [22] [23] These results showed that the differing viscosities of the buffers and the differing pKas for phenolic acids and aromatic carboxylates largely influenced the µep values. Although it has been reported that the change in the Walden product (µepη) value is dependent on the relaxation time of the solvent molecules and the dielectric constant, 23 the details have not been reported. Because the selected phenolic acids and aromatic carboxylates with hydroxyl groups are relatively spherical, the prediction methods were considered to be successful, without taking the molecular shapes of the selected molecules into consideration.
A method for predicting the µep values for aliphatic and aromatic carboxylates, amines, and sulfonates has been reported. [24] [25] [26] The effects of the µep values on the friction coefficients for small charged molecules to oligomers with carboxylate and sulfonate groups have also been reported. 27 The friction coefficients of carboxylate and sulfonate groups similarly contributed to the µep values, since the electric charge was thought to more heavily influence the µep values than the shape or size of the charged group. In addition to the parameters described in Eq. (1), these methods for predicting the µep values have been successful. This is thought to be because these parameters conceal information about the molecular shapes. However, small deviations from the linear relationship of the observed µep and the predicted µep for aromatic carboxylate and sulfonate ions have been observed, and a minor effect of the ionic shape was determined for these small deviations. 26 The shapes of the solutes were thought to have some influence on the µep values when a large number of strongly hydrophobic aromatic carboxylates and sulfonates with a naphthalene and an anthraquinone ring were used. This indicates that information regarding the molecular shape would emerge, unless those parameters are used. Therefore, the simple application of Eq. (1) to non-spherical ions with aromatic rings was investigated. Hydrophobic aromatic rings yield a weak hydration of the non-spherical aromatic ions, with the exception of moieties with ionic groups, such as the sulfonate ion. This weak hydration is expected to reveal significant information on the ionic shape, based on the observed µep value.
The aim of this study is to determine the influence of the µep values on the ionic shape of the analyte in various background electrolytes. The ionic radius in the gas phase shows the relative characteristics of the ionic structure, such as the ionic shape (more than that in an aqueous phase), although it is a relatively rough index. This indicates that the character of the ionic shape is significantly influenced by the exclusion of hydration. Therefore, the ionic radius determined by semiempirical molecular-orbital calculations in gas phases (unhydrated) is used as an index of the ionic shape. The influence of the µep values on the aromatic carboxylate and sulfonate ions on the sodium tetraborate buffer at pH 9.2, potassium tetraborate buffer at pH 9.2, ammonium borate buffer at pH 9.2, and trisodium phosphate buffer at pH 11.7 was also investigated due to a previous report that the different electrolyte compositions of the buffer influence the µep values. 28 
Experimental

Apparatus
Capillary electrophoresis was conducted using a CAPI 3100 (Otsuka Electro., Osaka, Japan) at 30˚C. A 500 mm (378 mm from the detector cell), 75 mm i.d. fused-silica capillary (GL Sciences, Tokyo) was used. Sample injection was carried out in the hydrodynamic mode, while keeping the capillary end at 25 mm for 60 s. Detection was conducted using direct UV absorbance at 220 nm.
Chemicals
Analytes with completely dissociated protons above pH 9 were selected for use in this study. In addition, the selected analytes had aromatic rings in order to ensure that they could be detected by direct UV absorbance. The evaluated analytes and their abbreviations are summarized in Table 1 . Acetophenone was purchased from Wako (Osaka, Japan). All reagents were used as obtained. The concentrations of all samples dissolved in the buffer were 1 × 10 -3 mol dm -3 , with the exception of benzyltrialkylammonium ions (1 × 10 -2 mol dm -3
), because the peaks for 1 × 10 -3 mol dm -3 benzyltrialkylammonium ions were very small. Only one analyte was dissolved in the buffer as the sample. The sodium tetraborate (pH 9.2), potassium tetraborate (pH 9.2), ammonium borate (pH 9.2), and trisodium phosphate (pH 11.7) electrophoretic buffers were prepared using reagentgrade sodium tetraborate, potassium tetraborate, ammonium pentaborate (Nacalai Tesque, Kyoto, Japan) and ammonia, and trisodium phosphate (Wako), respectively. The pH of the ammonium borate buffer was adjusted using a 1 mol dm ammonia solution. All of the buffer concentrations were 1 × 10 -2 mol dm -3 . Acetophenone was used as an electroosmotic flow marker (EOF). All solutions were filtered through a 0.45 µm PTFE filter (Advantec, Tokyo). The buffer viscosity was measured using an Ostwald viscometer at 30.0 ± 0.1˚C.
Procedure
The capillary was conditioned with the buffer (10 min) immediately prior to injection. The capillary was systematically washed with 0.1 mol dm -3 KOH (2 min), then rinsed with water (2 min) between runs. Ionic radii (rcalc) were calculated by either the AM1 29 or PM3 30,31 methods.
The observed electrophoretic mobilities (µep(obs)) were calculated as follows:
where ld, lt, V, t, and t0 are the length of the capillary to the detector, the total capillary length, the applied voltage, the migration time of the analyte ion, and the EOF time, respectively. The electrophoretic buffers and the separation conditions in addition to the viscosities are summarized in Table  2 . The separation currents were in the range of 30 to 45 mA. Thus, the concentrations of the buffer electrolytes were chosen for values at which good reproducibility for detection of the analytes was obtained. The separation currents did not produce a significant electrodispersion of the analytes, because the migration times were dependent on the peak top times of the analytes. In addition, because tailing of the peaks for BTMA, BTEA, and BTBA was not observed, the adsorption of benzyltrialkylammonium cations to the capillary wall was thought to be negligible.
Correction of the µep values on ionic strength
The effect of the µep values on the ionic strength (I) has been reported. 28 The specific characteristics for the interaction of the buffer electrolyte with the analytes could be excluded if a buffer with zero ionic strength was used. Therefore, the µep(obs) values in the 0.01 mol dm -3 buffers were corrected to those of the µep0(obs) values for buffers with zero ionic strength, using Eq. (3) for -1 anions and +1 cations and Eq. (4) for -2 anions:
In addition, a 0.3 and 0.5 × 10 -4 cm 2 V -1 s -1˚C-1 decrease was observed with increasing temperature for the µep0 values of -1 and -2 anions, respectively, as can be seen in Table 3 . 28 Therefore, the µep0(obs)Na values were -3.60 ± 0.08 (-3.733), -5.73 ± 0.15 (-5.93), -3.92 ± 0.21 (-3.840), -3.47 ± 0.13 (-3.385), and -3.11 ± 0.23 (-3.01) × 10 -4 cm 2 V -1 s -1 for BC, 1,2-BDC, BS, 2-NS, and 2-AQS, respectively. Also, the µep0 values at 30˚C, corrected from Table 3 , 28 are shown in parentheses. These µep0(obs)Na values were found to correspond to the corrected µep0 reference values within the error limits.
Results and Discussion
Correlation of the observed µep0(obs) with MW Figure 1 shows typical plots of µep0(obs)Na with qMW -2/3 in sodium tetraborate buffer, where q is the effective ionic charge. The correlation coefficients were 0.937, 0.947, 0.957, and 0.958 in sodium tetraborate, potassium tetraborate, ammonium borate, and trisodium phosphate buffers, respectively. If the MW of the water molecules in the hydrated forms is added to these values, the correlations may improve. However, these were found to have a good linear relationship in all buffers, without considering the hydration by water molecules. MW has been reported to be a good index in order to predict of the µep values of amides. [9] [10] [11] [12] [13] [14] Thus, these results showed that the method for predicting the µep value from MW could be extended from amides to aromatic carboxylates and sulfonates. However, since the correlation of the µep value with MW was empirical, the physical meaning could not be obtained using Eq. (1), because MW was thought to be correlated with r. Furthermore, the shape of the analytes did not appear to have a significant influence of this method for predicting the µep values.
Correlations of the observed robs0 with the calculated rcalc on benzyltrialkylammonium ions and aromatic sulfonate ions
The observed ionic radius (robs0) was calculated from
where e and z are the elementary charge and the valence of the ion, respectively. The rcalc value is the radius of the spherical cavity in the gas phase (the relative permittivity = 1), calculated by either the AM1 or PM3 method. The robs0, rcalc, and z values of the analyte ions are summarized in Table 3 , where robs0(Na), robs0(K), robs0(NH4), and robs0(PO4) are the observed ionic radii of I = 0 for the analyte ions in the sodium tetraborate, potassium tetraborate, ammonium borate, and trisodium phosphate buffers, respectively. Almost all of the robs0 values were smaller than their rcalc values. It is known that although the Stokes radius is larger than the radius of the ion in the crystal form for a strongly hydrated small ion, it is equal to, or smaller than, that for the weakly hydrated or large ion. 32 Therefore, the small robs0 values for the carboxylate and sulfonate ions are thought to be reasonable. The robs0(Na) values for the analyte ions did not completely correspond to the robs0(NH4) and robs0(PO4) values. This indicates that a neutral ammonia molecule may interact with the analyte ions, because this interaction cannot be excluded, according to the correction for I = 0. The different pH values for the buffers were also thought to be responsible for the difference in the robs0 values. The ionic strength of the hydroxide ion was negligible with respect to that of the electrolyte in the buffer electrolyte, even at pH 11.7; the effect of the pH could not be excluded, even by the correction at I = 0.
These details were not obvious for this investigation. The µep0 values in sodium teraborate buffer were reported to be different from those in potassium teraborate buffer. 28 This was determined to be due to a difference in the ionic association of Na + and that of K + . Since an alkaline metal ion would form its weakly ionic associate with the borate ion at a relatively high buffer concentration (1 × 10 -2 mol dm -3
), the calculated ionic strength (I = 0.02) given in Table 2 would differ slightly in the two borate buffers. Consequently, a small difference of the robs0(Na) and robs0(K) values would result. Figure 2 shows a typical relationship between robs0(Na) and the rcalc for benzyltrialkylammonium ions, aromatic monoanions, and aromatic dianions, with the exception of aromatic carboxylate ions, in sodium tetraborate buffer at pH 9.2. The correlation coefficient and the slope were 0.941 and 1.49, respectively. The correlation showed a relatively good linear relationship.
The correlation coefficients for potassium tetraborate, ammonium borate, and trisodium phosphate buffers were 0.912, 0.817, and 0.903, respectively. The slopes were 1.37, 0.943, and 1.08, respectively. Plots of tetraphenylborate and benzyltrialkylammonium ions for approximately spherical ions were on the same linear curve as those for the nonspherical ions, such as aromatic sulfonate ions. Therefore, nonspherical ions, such as aromatic sulfonate ions, were clearly observed to behave as spherical ions in the buffers. Furthermore, the effects of the interaction of the ammonia molecule, the pH, and the ionic association were insignificant, compared with these strong correlations.
The slopes of the lines were not 1, and almost all of the plots were below the tie-line. This position was thought to be due to the difference between the aqueous solution and the gas phase. Since the robs0 value is the Stokes radius, it includes the water molecules that are hydrating the ions. If the water molecules were to be added to the molecular structures of the aromatic sulfonate ions, the plots would be near to the tie-line, because aromatic sulfonate ions with small r-values fell further below the tie-line than those with large r-values. However, the rcalc values are thought to be of use for the relative prediction of µep0(obs), since it is relatively easy to determine the rcalc values using either the AM1 or PM3 method.
The µep values were reported to have a good linear relationship with the zr -2 values with one or two water molecules. 33 Therefore, the correlation of the µep0(obs) values with the zrcalc -2 values is shown in Fig. 3 . They were determined to have a relatively good linear relationship. The correlation coefficient was determined to be 0.947, and the line passed through the origin. Furthermore, the correlation coefficients in 33 However, the µep0(obs) values of the aromatic carboxylate and sulfonate ions showed strong correlations to both of zrcalc -1 and zrcalc -2 . Figure 4 shows the typical relationship between robs0(Na) and rcalc for the aromatic carboxylate ions in the sodium tetraborate buffer. Similar relationships were observed in all other buffers evaluated. The robs0 values for the aromatic carboxylate ions were almost constant, although the rcalc values of the spherical ions changed. This indicates that the aromatic carboxylate ions would not migrate as spherical ions in the buffers. Rather, the aromatic carboxylate ions migrated as planar ions in the buffers. The difference in the sizes for the horizontal planes, such as benzene, pyridine, naphthalene, and anthracene, did not significantly influence the migration of the aromatic carboxylate ions. Therefore, the migration of the aromatic carboxylate ion with the aromatic sulfonate ion in the capillary occurs as illustrated in Fig. 5 .
Correlations of the observed robs0 with the calculated rcalc on the aromatic carbonate ions
In aromatic sulfonate ions, all of the atoms in the sulfonate group could not exist co-planar to the aromatic group. However, all the atoms in the carboxylate group could exist coplanar to the aromatic group. Thus, the aromatic carboxylate ions migrated as planar ions. Consequently, in aromatic carboxylate ions, although the rcalc values were not useful for predicting µep(obs), the effect of the ion shapes on the strong correlations was evident in this method.
Conclusions
The aromatic carboxylate ions migrated as planar ions. On the other hand, aromatic sulfonate ions migrated as semi-spherical ions.
In the method of predicting the µep value based on MW, a good linear relationship between the µep0(obs) value and MW -2/3 was observed for benzyltrialkylammonium, the aromatic sulfonate, and the aromatic carboxylate ions. The MW -2/3 value was determined to be a good parameter to predict the µep. Further, plots of robs0 vs. rcalc for the benzyltrialikylammonium and the aromatic sulfonate ions had a relatively good linear relationship in the sodium tetraborate, potassium tetraborate, ammonium tetraborate, and trisodium phosphate buffers. Thus, the rcalc value was thought to be useful as an index for the relative prediction of µep of the benzyltrialkylammonium and the aromatic sulfonate ions in a number of buffers, even ammonium tetraborate buffer, in which there were small interactions between the neutral ammonia molecule and the analyte ions and the trisodium phosphate buffer, which had a high pH. The planar aromatic carboxylates were confirmed to have π-π interactions, as previously suggested. 34 
